Abstract: Bioactive glass (BAG) S53P4 granules represent a bone augmentation biomaterial for the surgical treatment of bony defects, even in challenging conditions such as osteomyelitis. The aim of this eight-week rabbit implantation study was to evaluate the biocompatibility and bone regeneration performance of a BAG S53P4 putty formulation following its implantation into the proximal tibia bone of twenty-eight New Zealand white rabbits. BAG S53P4 putty was compared to BAG S53P4 granules (0.5-0.8 mm) to evaluate whether the synthetic putty binder influences the bone regeneration of the osteostimulative granules. The putty formulation facilitates clinical use because of its mouldability, injectability and ease of mixing with autograft. Implantation of putty and granules into proximal tibia defects resulted in good osseointegration of the two groups. Both biomaterials were biocompatible, showed high new bone formation, high vascularization and periosteal growth. No signs of disturbed bone formation were observed due to the PEG-glycerol binder in the BAG S53P4 putty. Instead, intramedullary ossification and stromal cell reaction were more advanced in the putty group compared to the control group (p = 0.001 and p < 0.001).
Introduction
Development of synthetic bone graft substitutes is necessary due to the drawbacks associated with autogenous and allograft bone materials [1] . Although autografting is generally considered as the graft of choice, its use is complicated by the limited supply and donor site morbidity [2] [3] [4] [5] [6] [7] [8] .
In allografting, the disadvantages include possibility for disease transfer, supply limitations and loss of osteoinductivity in harvesting and treatment [9] . As bone graft substitute materials, bioactive glasses (BAGs) are biocompatible and osteoconductive, and thus have a significant potential for being used as implants in bone grafting [10] [11] [12] [13] . Also, bioactive glasses are able to bond chemically with the surrounding bone [11] .
Bioactive glass works by leaching out ions that react with the body fluids, transforming the glass surface chemically into one that by its chemical composition and structure resembles the mineral phase found in natural bone. In contact with an aqueous solution, bioactive glass develops a silica-gel layer which acts as a template for calcium phosphate (CaP) precipitation. The CaP crystallizes in vivo into natural hydroxyapatite, and this layer provides a suitable reaction surface for the following processes to occur: (a) adhesion of osteoblasts to the surface layer, (b) chemical bonding between the surface layer and the surrounding bone, and (c) promotion of new bone formation in the implanted area [10, 13, 14] . In addition, the leached ions affect the bone cells in their vicinity by activating osteoblast proliferation and differentiation [11] . However, it has been demonstrated in in vivo preclinical studies that BAG particles do not stimulate bone formation if migrated into ectopic areas, such as soft tissues. This might lead to alterations in the internal structure of the BAG particles resulting in increase of the reaction surface that can be associated with a certain degree of inflammation in the surrounding soft tissue [15] [16] [17] .
Consisting of a total of 60% by weight bioactive glass, BAG S53P4 putty is a synthetic, bioactive, osteoconductive and osteostimulative paste-like bone void filler that is easy to handle and implant. In the chemical composition, the putty-form of BAG S53P4 differs from the granule-form by its synthetic binder. Both the binder compounds of BAG S53P4 putty, glycerol and PEGs, are well known and widely used e.g. in pharmaceutical and food industry. In vivo, glycerol is rapidly absorbed in the intestine and the stomach, and thus distributed over the extracellular space and excreted [18] . Prior to excreting, glycerol is phosphorylated to alpha-glycerophosphate by glycerol kinase predominantly in the liver (80-90%) and kidneys (10-20%) , and incorporated in the standard metabolic pathways to form glucose and glycogen [18] . After in vivo exposure, PEGs are excreted mainly unchanged in the urine and feces through liver [19] . A minor part of PEGs of > 400 g/mol is absorbed [19] . Part of the absorbed PEGs is metabolized to lower oligomers, glycolic acid, hydroxyl glycolic acid and diglycolic acids homologs, carbon dioxide and, in very minor quantities, harmful oxalic acid [19] . Glycolic acid further decomposes to glyoxylic acid and oxalic acid [19] .
Preclinical studies with an antibacterial formulation of BAG S53P4 putty and clinical studies with BAG S53P4 granules have demonstrated its significant potential as bone substitute for the treatment of infections caused by multiresistant microorganisms and excellence as an adjuvant in the treatment of prosthetic infections related to biofilm [20] [21] [22] [23] . On the other hand, the BAG S53P4 putty formulation that has been investigated in this study and studies on a comparable device (NovaBone Putty ) did not show any inhibitory effect in any of the bacteria tested [24] .
An eight-week rabbit proximal tibia bone implantation study was carried out to confirm that BAG S53P4 putty has no harmful effects or toxicity, neither locally nor systemically, and also that it forms new bone. The primary aim of the study was to evaluate if the synthetic binder has an impact on the safety and efficacy of using BAG S53P4 putty as a bone graft substitute. In addition, the level of vascularization, growth of periosteum and occurrence of connective tissue were studied.
Materials and Methods
This study was a biocompatibility and performance test of BAG S53P4 putty following its implantation into the defect of the proximal tibia bone of the New Zealand white rabbits. The study was performed in a laboratory accredited by The Association for Assessment and Accreditation of Laboratory Animal Care International in accordance with the Swiss Federal Act on Animal Protection under the license number of 409/2010. BAG S53P4 putty (BonAlive putty; BonAlive Biomaterials Ltd., Turku, Finland) was compared to BAG S53P4 granules (BonAlive granules; 0.5-0.8 mm) to evaluate whether the synthetic binder in putty has potential effects on the performance of the granules and formation of the new bone.
BAG S53P4 putty is composed of osteostimulative calcium-phosphorous-sodium-silicate BAG S53P4 granules (size 0.5-0.8 mm, 48 weight-%) mixed with spherical (BAG S53P4) granules (size 0.09-0.425 mm, 12 weight-%) and a synthetic binder (mix of glycerol and three chain lengths of PEG). The composition of the bioactive glass granules of BAG S53P4 putty is (by weight-%): SiO 2 53%, Na 2 O 23%, CaO 20% and P 2 O 5 4%. The binder acts as a temporary binding agent for the granules. The granules and the binder are provided as a premixed extrudable, pliable cohesive material, packed in a syringe-like applicator and sterilized by gamma irradiation. The closest comparable device of BAG S53P4 putty on the market is BAG 45S5 putty (NovaBone Putty ). The composition of BAG 45S5 putty is (by weight-%): SiO 2 45%, N 2 O 24.5%, CaO 24.5% and P 2 O 5 6% that slightly differs from BAG S53P. In addition, the size range of the bioactive glass particulates in NovaBone putty (0.03-0.71 mm) is slightly different from BonAlive putty.
Twenty-eight male and female New Zealand white rabbits were anaesthetized, the back legs of the animals were shaven, and the area for the incision was disinfected with a standard solution of Betadine. An incision was made in the skin directly above the tibia of each leg and the proximal tibial area was isolated. Using a water-cooled drill, two holes (diameter 2 mm and depth 6 mm) were drilled per tibia (penetrating through the cortex into the cancellous bone area), 8-10 mm apart from each other. The periosteum was destroyed during the drilling. The holes were filled with either the BAG S53P4 putty or with the control BAG S53P4 granules (size 0.5-0.8 mm) using a sterile instrument (e.g. a thin spatula). All the four defects of the same animal were filled with the same material. Special attention was paid to filling the holes completely with the test or the control material. The wound was finally closed with sutures, which were removed approximately 10 days later. The implantation was performed by the same experienced surgeon. As BAG S53P4 granules resorb slowly, complete new bone formation was not expected during the eight-week study.
The animals were observed for clinical signs throughout the pre-and post-operative period. Food consumption and body weight were determined, and at either 4 or 8 weeks post-implantation blood and urine were sampled for extensive clinical laboratory investigations. Animals were euthanized and necropsied at 4 or 8 weeks post-implantation, and selected specimens were weighed, histologically processed and read.
From each tibia, the tissue for histopathology was collected so that both implanted holes were included as a whole, and forwarded for histological analyses. Each tibial sample was fixed in 10% buffer formalin solution and reduced in size so that each block contained one implanted hole. These small samples were dehydrated in growing alcohol series and embedded in methyl methacrylate (MMA). After polymerization, thin sections were produced by the cutting-grinding technique. The plane of sectioning was along the long axis of the implanted hole. The histological sections were then stained with Paragon stain and evaluated in a light microscope. Representative photographs were taken with both low magnification (to show the whole implanted holes) and high magnification (to show details; individual granules of the implanted area). Structural changes in bioactive glass material, tissue integration, bone formation, level of vascularization, growth of the periosteum and biocompatibility of the BAG S53P4 putty and granules were assessed from each tibial bone tissue samples. The test items were compared to the controls to find out whether the synthetic binder (PEG-glycerol) had any effects on the performance of the granules and the formation of new bone. In addition, the filling volume of the granules in the defect was assessed after the binder was diluted away, during the specimen preparation. Special attention was paid to osteogenesis, occurrence of connective tissue, the amount of new bone and structural changes in the remaining test or control materials.
The data gained were described using absolute and relative values. In the statistical part, a normal distribution of the body weight, the clinical laboratory data and the grading of microscopic findings was firstly tested visually from histograms and secondly by the Shapiro-Wilk test [25] . The normally distributed test and control values were analyzed by the parametric two-sample Student's ttest. If the values could not be assumed to follow a normal distribution, the analysis was performed by the nonparametric Mann-Whitney U-test [26] . P-values less than 0.05 were considered statistically significant. Statistical analyses were performed using SPSS system for Mac, version 24 (IBM Corp., Armonk, NY, USA).
Results

Clinical and macroscopic findings
Three female animals died prematurely before the scheduled necropsy. One died 13 days after the implantation of the test material, the other 29 days after the implantation of the control implant, and the third 34 days after the implantation of the control implant. Histopathological results for the animals living 29 and 34 days were reported as at 4 weeks. Overall, there were no clinical signs associated with complications, such as cervical scabs, sores, hair loss, nodules or wounds.
No effects on food consumption or body weight were considered to be related to the treatment with the test or control sample. Furthermore, no differences in haematology, clinical biochemistry or urinalysis parameters considered to be related to the treatment with the test or control sample were recorded.
Mean values and standard deviations of the measured body weight, haematology and clinical biochemistry parameters are presented in Tables 1, 2 and 3 (periodically in the case of body weight, and otherwise at the moment of necropsy). Some intergroup variations occasionally achieved statistical significance, but these were considered to reflect the normal biological variation. All clinical and macroscopic findings were considered to be incidental and commonly occur in rabbits of this strain and age under the experimental conditions used in this study.
Microscopic findings
Microscopic findings of the samples from the tibial bone implantation site were recorded during the histopathologic examination by the study pathologist. The histological gradings were defined to current situation in every case of histological changes [27, 28] . The descriptions of the distinguishing features of each severity grade are presented in the following.
Incidence of cortical, intramedullary and periosteal granules, and spheres in the BAG S53P4 putty group, were estimated as present, not present and not assessable. Structural changes in the granules and in the spheres (in the BAG S53P4 putty group) were graded as no structural change (grade 0), < 40% of granules/spheres shrunken, fractured/slight opaque and/or slight dark blue to deep violet in staining (grade 1), 40-70% of granules/spheres shrunken, fractured/slight opaque and/or moderate dark blue to deep violet in staining (grade 2) and > 70% of gran- In addition, the filling volume, i.e. the percentage of the volume of the cortical defect filled by the implants and new bone, was graded as none (grade 0), < 40% (grade 1), 40-70% (grade 2) and > 70% (grade 3). Cortical ossification was graded as no new bone formation (grade 0), new bone formation around the implants (grade 1), around the implants and at margins of the drilled hole (grade 2), around the implants and at the margins of drilled hole including proximal inner and outer tibial bone borders with presence of thin bridging bone trabeculae (grade 3), mediumlarge bone trabeculae bridging the whole defect and the surrounding implants, slight new bone formation extending along inner and outer tibial bone borders (grade 4) and large bone trabeculae bridging the whole defect and the surrounding implants, prominent new bone formation extending along inner and outer tibial bone borders (grade 5).
Intramedullary ossification was graded 0 with no new bone formation, 1 with thin new bone formation around the implants covering less than 50% of the granules surface, 2 when covering more than 50% of the granules surface, 3 with new bone formation around the implants along with bone trabeculae and 4 when bridging the bone trabeculae. Stromal cell reaction was scored as not existent (grade 0), and slight (grade 1), moderate (grade 2) or marked (grade 3) sheet of fibres and cells around the implants. Periosteal growth over the defect graded as not existent (grade 0), slight fibrosis (grade 1), moderate fibrosis (grade 2) and marked fibrosis (grade 3). Moreover, vascularization in the defect was scored as not existent (grade 0), few blood vessels (grade 1), moderate blood vessels (grade 2) and many blood vessels (grade 3). The compila- tion of the findings in the implantation site is shown in Table 4 . Moreover, in the soft tissues outside the implantation site, the microscopic examination revealed slight to moderate lymphoid atrophy of the spleen, higher degrees of lymphoid atrophy in the thymus and one case of slight acute tubular necrosis in the kidneys. All of these disorders were considered to be secondary and related to stress in the laboratory animals.
4 and 8 weeks after implantation, in both the BAG S53P4 putty group and in the control group with BAG S53P4 granules, there was generally a high cortical ossification along with a high integration of granules in the new bone, the volume in the cortical defect was abundantly filled by the implants and the new bone, and the granules showed high progressed structural changes (Table 4 ). All these findings were slightly more prominent 8 weeks after implantation when compared to 4 weeks after implantation (Figures 1 and 2 , Table 5 ). The remaining volume consisted of stromal cell reaction (mainly around implants) or connective tissue containing blood vessels and occasionally bone marrow cells. Intramedullary ossification and stromal cell reaction were present at high incidence in both groups (Table 4 ). In the BAG S53P4 putty group, both findings were slightly more advanced when compared to the control group (p = 0.001 for intramedullary ossification and p < 0.001 for stromal cell reaction at 8 weeks, respectively) indicating a slightly better formation of new bone in the medullary cavity (Figures 1 and 2 , Table 5 ).
In addition, the spheres in BAG S53P4 putty composition showed less structural changes and integration in the new bone when compared to granules in BAG S53P4 putty at 4 and 8 weeks after implantation (Table 4 ). The spheres were mainly surrounded by fibrosis along with inflammatory cell infiltrates, mainly round cells, as well as fibroblasts and fibrocytes (i.e. stromal cell reaction; a normal and wanted process in formation of new bone). In both groups, the periosteum grew back over the defect showing variable degrees of fibrosis depending on the presence of the periosteal implants (the more implants, the more fibrosis). The degree of periosteal growth and fibrosis was slightly higher at 4 weeks after implantation, when compared to 8 weeks after implantation (Figures 1  and 2 , Tables 4 and 5 ). High vascularization was observed (Table 4 ). There were no cytotoxic cells or signs in either group, hence, both the test and control items were considered to be biocompatible. No cartilage tissue was seen in any of the tibial bone samples examined.
Discussion
In this study, we compared the use of the novel BAG S53P4 putty to BAG S53P4 granules for filling bony defects in the tibias of twenty-eight rabbits to find out whether the synthetic binder has any effects on the performance of the granules and formation of new bone. The granules in the putty are embedded in a matrix, which is a water-soluble synthetic binder made of a blend of polyethylene glycols (PEGs) and glycerol. For this reason, the granules in the putty will not immediately be exposed to the aqueous environment, and there will thus be a delay in the surface reactions. Another detail is that there will be a sequential reaction cascade with granules reacting firstly on the surface of the putty mass in the defect. The granules in the middle of the putty mass will only react after a certain delay, when the body fluids have reached the middle.
An earlier study using a sheep vertebral defect model to compare NovaBone Putty with or without autograft and NovaBone BAG particulates did not show any significant difference in new bone formation at 6 or 12 weeks after implantation [19] . However, a sheep vertebral body defect model used to compare the local response of Nova- Bone Putty and NovaBone BAG particulates indicated that the putty group had a greater bone content than the particulate group at 6 and 12 weeks post-implantation [29] . On the other hand, in comparison, when utilizing a rabbit cranial defect model, the OsteoSelect demineralized bone matrix (DBM) putty was associated with significantly more bone formation than the synthetic NovaBone Putty [30] . In micro-computed tomography and histomorphometric comparison of two synthetic bone graft products using a rabbit posterolateral fusion model, Signafuse Bioactive Bone Graft Putty showed greater new bone formation than the Actifuse ABX sculptable synthetic bone graft substitute at 6 weeks post-surgery, but no further differences were detected at 12 weeks [31] . Despite the observation that the bioactive glass particles pack into a defect easily and stay in place, even when the site is bleeding in the periodontal treatment model, several studies report difficulties in keeping the bioactive glass particles within experimental defects [15, 16, 32] . Once the particles migrate, they start to degrade in the soft tissue and are associated with an intense inflammatory reaction [15] . Further, varied degrees (from acute to chronic) of inflammation are associated with collection of either lymphocytes and plasma cells, or macrophages and giant cells [15, 17] . In this study, neither signs of inflammation nor migration of the particulates were observed. Due to its physical properties, unlike the granules, the putty can be shaped so that the bone defect can be filled easily with little residual implant migrating into the undesirable areas [29] . Besides, the increase in early bone deposition rate might also allow subjects to start functional recovery training as early as possible [29] .
Our results revealed ossification and integration of both the BAG S53P4 putty and the granules within the new bone in the cortex and medullar. Both the test and the control samples were biocompatible and showed high new bone formation along with high vascularization and periosteal growth. With the BAG S53P4 putty, no indication of possible disturbed bone formation by the PEGglycerol binder was seen, which is in line with earlier studies [17, 29] . We also found that the bioactive glass granules in the BAG S53P4 putty showed a slightly higher in-tramedullary ossification than the controls, but no difference in the cortical ossification was seen. Similar findings at 6 and 12 weeks after surgery with NovaBone putty have been shown revealing a greater bone content in the putty group than in the particulate group [29] . As stated by Wang et al., a possible explanation for the increased bone formation with the putty material could be that addition of the carrier maintains a better spatial distribution of the particles [29] . Altogether, the novel BAG S53P4 putty can be considered to be biocompatible and non-toxic as earlier demonstrated for BAG in general [33] .
In conclusion, the novel BAG S53P4 putty showed reliable bone regeneration in the bony defects without adverse cell or tissue reactions.
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